In the facultafive halophyte Mesembryanthemum crystallinum (common ice plant) the enzyme ferredoxin-NADP+-reductase (FNR) is coded for by a small family of 2 to 3 genes. We have determined the expression characterisfics as the plants adapt to high salt and the nucleotide sequence of a full-length cDNA coding for the precursor of this chloroplast-located enzyme. On a developmental scale amounts of FNR transcripts and protein are highest in young emerging leaves. The FNR cDNA is a member of a class of genes whose expression is only slightly affected by salt stress. Even less pronounced than mRNA fluctuaftons, the amount of FNR protein is unaffected by salt stress. The longest FNR cDNA found was 1,419 nucleotides in size. It consisted of 74 nucleotides 5'-leader sequence, 1,095 nucleotides of protein coding sequence encoding 365 amino acids, and 247 nucleofides 3-region excluding a short poly(A+) tail. As expected for a nucleus-coded chloroplast protein an amino terminal transit peptide (52 amino acids in length) was found. in gene expression suggest that the expression of several of these enzymes is under transcriptional control. We have, in addition, shown that CAM induction is not developmentally programmed but environmentally controlled (21).
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In our attempts to characterize genes whose mRNA levels are adjusted during the initial period of salt stress we have isolated cDNAs whose mRNA amounts change in stressed plants. While both up-regulated and down-regulated transcripts have been detected, the steady state levels of most transcripts do not change significantly in this halophyte. We are investigating members of each class. One ofthose mRNAs which appeared to be affected only marginally by stress was found to code for FNR.3 FNR is a chloroplast localized protein which functions in the transfer of electrons from ferredoxin to NADP during photosynthesis. The biochemistry and kinetics of this reaction (27) , some structural aspects of the enzyme, and the evolution of functional domains of different flavoproteins have been determined (15, 18) . We present here the nucleotide sequence for FNR from M. crystallinum, including the sequence of its transit peptide which is essential for chloroplast import. We compare this sequence with the FNR sequences determined by peptide sequencing from spinach (9) and the cyanobacterium Spirulina sp. (26) and with the recently published cDNA sequences of pea (12) and spinach (8) .
We are studying changes in plant gene expression which are induced in response to environmental stresses such as drought and salt stress. The facultative halophyte Mesembryanthemum crystallinum (common ice plant) responds to salt stress by inducing the genes and enzymes of the CAM pathway (7, 13) . Changes in the pathway of carbon assimilation from the common C3-mode to CAM can be followed via the activity of a set of enzyme markers (24) . The stressinduced expression of well studied biochemical markers (24) , a defined procedure for stress induction (11, 13) 
MATERIALS AND METHODS

Plant Growth
Mesembryanthemum crystallinum plants were grown in 1 L pots for 6 weeks in growth chambers, stressed by the addition of 500 mM NaCl, harvested and processed according to Ostrem et al. (13) .
Plant Physiol. Vol. 89, 1989 tagene, San Diego). Deletion subclones were generated according to Henikoff (6) . For this purpose, plasmid DNA was cleaved with either HindIII and KpnI, or with BamHI and BstXI. The DNA was digested with exonuclease III for 1.5 to 5 min at 37°C. The ends were rendered blunt with Sl-nuclease and religated to circularize deletion subclones. The nucleotide sequences of full-length inserts and truncated fragments were determined using modified T7 polymerase (sequenase) (4, 20) . Gels were dried and exposed to Kodak XOmat-AR film overnight.
Gene Expression Studies
RNA was isolated (13) from unstressed plants and plants stressed for the periods of time indicated in the legends of figures by the addition of 500 mM NaCl (11) . Equal amounts of total RNA were separated electrophoretically in 1% agarose gels containing 10 mM methylmercury (11) . Changes in the amount of mRNA were visualized by northern-type hybridization.
Gene Copy Number
Nuclear DNA was isolated according to Steinmuller and Apel (19) . DNA fragments containing sequences from the coding region or 3 '-flanking regions were radioactively labeled by nick-translation and hybridized to total DNA immobilized on nitrocellulose filters. The filters were washed at conditions of high stringency (2 x SSC, 0.1 x SSC, 58-60°C) and signals were visualized by autoradiography using Kodak XOmat-AR film.
Immunological Techniques FNR isolated from spinach leaves (25) was used to generate antibodies in rabbits. Extracts from unstressed and stressed ice plants were separated by SDS/PAGE (sodium dodecylsulfate/polyacrylamide electrophoresis) and immunoreactive signals obtained as described (7, 13) .
RESULTS
When ice plants are stressed with nutrient solution containing 500 mM NaCl, the change in complexity of the mRNA is reflected in a change of the banding pattern of the proteins synthesized from isolated poly(A+) RNA in rabbit reticulocyte lysates (13) . This change can also be visualized when radioactively labeled single-stranded cDNA derived from mRNA isolated from stressed or unstressed plants is hybridized against nitrocellulose filter replicas of cDNA sublibraries (not shown). We detected three classes ofcDNAs. When compared to unstressed controls, hybridization signals either had intensified during the stress period, had remained unchanged, or had decreased. One clone, which was serendipitously obtained during screening for PEPCase-specific cDNAs, hybridized with a transcript ofapproximately 1,400 nucleotides in Northern-type hybridizations. Two cDNA clones for the 1.4 kbp transcript were sequenced and found to be full-length (Fig.   1 ). The sequences (Fig. 2) Figure 2 ; their protein coding regions were identical. Sequence identity of both the 5'-and the 3'-end indicated that the two cDNAs are derived from the same gene. The amino acid sequence encoded by these cDNAs is shown in Figure 3 . Sequence comparisons (Los Alamos protein sequence database, release 5) showed that a long open reading frame had high amino acid homology with the protein sequences of FNR from spinach and Spirulina sp. This reading frame specifies 365 amino acids with a predicted molecular mass equivalent to 41,016 D. We have compared (Fig. 3 ) the ice plant coding region with the FNR protein sequences from spinach (369 amino acids (9] ), Spirulina (294 amino acids [26] ), and pea (360 amino acids [12] Fig. 3 ). The spinach protein contains four amino acids not present in the sequence of ice plant and pea (amino acids +4 and + 14 to + 16). The ice plant FNR is longer than the sequenced FNR proteins by 52 amino acid. Most of the additional amino acids in the ice plant FNR can be attributed to a 52 amino acid chloroplast-specific TP sequence at the amino terminal end of the protein. This sequence is present in the pea FNR sequence. The pea amino acid sequence shows 81.6% overall identity with ice plant FNR. The hydrophilicity plot (10) of the ice plant FNR (not shown) reveals a protein of an overall hydrophilic nature. At the amino terminal end, coinciding with the transit peptide sequence, an extended hydrophobic region is calculated. Structure predictions (2) indicate a helical structure for this region.
The complexity ofthe FNR gene family in M. crystallinum was estimated by genomic Southern hybridizations (Fig. 4) . Nuclear DNA was digested with several restriction endonucleases, among them endonucleases whose recognition sites had been found in the cDNA sequences. Two probes were used, one specific for the 5'-untranslated leader and the coding region, while the second probe was specific for the 3'-untranslated region alone (Fig. 1) . Radioactively labeled DNA fragments were hybridized against filter-immobilized nuclear DNA fragments. The probe ofthe coding region revealed one to three DNA fragment bands in the hybridization (Fig. 4 , panel A). The 3'-end probe invariably hybridized to one band (Fig. 4, panel B) . From the sizes of DNA fragments which are bordered by recognition sites known from sequencing it could be estimated that at least two introns are present in the genes. The sizes of the introns combined must be less than 0.8 kbp. The low complexity of hybridizing bands, irrespective of the combinations of restriction endonucleases used to digest the genomic DNA, suggested that FNR constitutes a small family of genes. As indicated by the few bands produced, the FNR genes are similar including regions within about 2 kbp on either side of the coding region. When total RNA from the leaves of plants of different ages were compared, transcript levels were highest in young emerging leaves and declined approximately fivefold, as revealed by liquid scintillation counting of excised bands, in older leaves (Fig. 5A ). The expression of the cDNAs was studied by Northern hybridization of total RNA from unstressed plants and from plants subjected to 500 mM NaCl for up to 4 weeks. A gene-specific probe consisting of the 3' noncoding region (AccI-EcoRI, 271 bp; Fig. 1 ) resulted in signals as they are shown in Figure 5B . Similar hybridization intensities were obtained with a probe for the coding region (EcoRI-Accl, 1,029 bp; Fig. 1 ) (data not shown). During stress the genespecific probe (Fig. 5B) showed that the amount of FNR mRNA remained approximately constant during the stress, or, at most, varied by a factor of two. After a longer period of stress (Fig. 5B, lane 7) FNR mRNA amounts consistently higher than prestress values were observed. These slight fluctuations in transcript levels and the late increase varied between experiments, although the general behavior was identical. The variations appeared to be correlated with differences in light intensity in the greenhouse and the growth chambers used rather than with stress.
FNR expression was also studied at the protein level. Polyclonal rabbit anti-FNR antibodies raised against the spinach enzyme (25) were used. As with the gene specific probes for the mRNA, high amounts of FNR protein could be demonstrated in young unstressed plants (Fig. SC) 
600 620 sequenced is most likely represented by a single gene (Fig. 4) . The expression of FNR is restricted to green tissue, as we have not observed any mRNA for FNR in RNA isolated from roots of either stressed and unstressed plants.
The assignment of the sequenced cDNA as coding FNR protein is based on overall sequence identities (12) , and also the homologies of the documented active site domains and nucleotide binding domains of other FNR and other oxidoreductases (1, 3, 9, 15, 23) . The localization of the protein in chloroplasts was corroborated immunologically (not shown). The ice plant FNR contains codons at the amino terminus which have no counterpart in the sequenced proteins from spinach and Spirulina. We assign the 52 amino terminal codons (-1 to -52, Fig. 3 ) of ice plant FNR to a TP based on sequence comparisons with other transit peptide sequences for nucleus-coded chloroplast-localized proteins (22) . Without having actually determined the cleavage site, we localize it at the sequence threonine-isoleucine (amino acids -52/+1), based on the presence of the sequence, -SVGGKV-, imme- the surface of the thylakoid membrane and may be removed by mild EDTA treatment (25) . Discounting the TP sequence, ice plant FNR is still longer than the spinach protein at the amino terminus ofthe mature protein by 2 amino acids and longer than Spirulina FNR by 24 amino acids. This is likely due to additional processing of the enzyme or to the loss of amino terminal amino acids during purification. FNR amino termini have been reported from Anabaena variabilis (16) and for another spinach enzyme (5). In both sequences homologies place the peptides at a position that apparently is not at the very amino terminal end of the proteins which again points to posttranslational processing and the occurrence of isoforms (5). The partial spinach sequence (5) differs from the completely sequenced spinach FNR (9) and appears to be derived from an isogene of spinach FNR. When ice plant FNR and the partial sequence from Anabaena are compared, homologies are slightly less pronounced than between Spirulina and ice plant. The mature FNR is negatively charged (-1 at pH 7.0), while the transit peptide is positively charged (+5 at pH 7.0). The hydropathy plot of TP-FNR is compatible with the soluble nature of the enzyme. Structure predictions (10) indicate several of the observed ,B-sheets at the carboxy-terminus ( 18) . Predicted structural features of the transit peptide region include an a-helix within the amino-terminal 20 amino acids, a feature that appears in structure predictions of many chloroplast signal sequences. (27) . This may define the position as an interactive domain between the two components of the electron transfer complex.
Note Added in Proof
These sequence data will appear in the EMBL/GenBank/ DDBL Nucleotide Sequence Databases under the accession number Xl 3884 (ferredoxin NADP+ reductase).
